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Extended long wavel ength response to ~200 nm (50 cmi) has been observed in Ge:Sb Blocked |mpurity
Band (BIB) detectorswith Np ~ 1 x 10'® cm®. The cut-off wavelength increases from 150 mm (65 cmit) to
200 mm (50 cmit) with increasing bias. The responsivity at long wavelengths was lower than expected.
This can be explained by considering the observed Sb diffusion profile in atransition region between the
blocking layer and active layer. BIB modeling is presented which indicates that this Sb concentration
profile increases the electric field in the transition region and reduces the field in the blocking layer. The
depletion region consists partially of the transition region between the active and blocking layer, which

could contribute to the reduced long wavelength response. The field spike at the interface isthe likely

cause of breakdown at alower bias than expected.
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1. INTRODUCTION

The far infrared region of the electromagnetic spectrum (25-200 mm or 50-400 cmi?), still largely unexplored, is of
great interest to astronomers, astrophysicists, and cosmologists [1,2,3]. The development of sensitive far infrared detectors
will enable the study of scientific phenomena such as the birth and evolution of planetary systems. Ge:Gaand Ge:Sb
photoconductors have been the state-of-the-art for the 50-130 nm (77-200 cni*) region for both high-background balloon and
airplane-based observations as well as low background satellites where detector dark current nmust be minimal. In order to

reach wavelengths longer than 130 mm (77 cmi*), auniaxial compressive stress is applied to Ge:Ga photoconductors,
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extending the photoconductive response to 220 nm (45 cm)[4]. A 2 x 20 stressed Ge:Ga array will be flown on the Space
Infrared Telescope Facility (SIRTF) to be launched in 2002. Germanium BIB detectors offer extended long wavelength
response (3 200nm or 50 cmit), and could potentially replace stressed Ge: Ga photoconductors as well as standard Ge
photoconductorsfor far infrared astronomical observations. The Blocked Impurity Band (BIB) detector concept was first
proposed in 1980 by Petroff and Stapelbroek at the Rockwell International Science Center [5]. Since then, BIB detectors
implemented in silicon (e.g., Si:As and Si:Sh) have been successfully incorporated into infrared array cameras and
spectrographs on satellites such as SIRTF [ 6]. The success of silicon BIB development isduein part to the large-scale efforts
in growth of ultra-pure epitaxial silicon films. While growth of ultra-pure (<10™ cm®) bulk germanium crystals has been an
important achievement [ 7], the growth of epitaxial layers of ultra-pure Ge has not been well established. The development of
agrowth process for achieving pure epitaxial Ge layersis essential to the realization of Ge BIB detector arrays.

A schematic of an n-type BIB detector is shown inFigure 1a. The deviceis comprised of two semiconducting
layers, a pure blocking layer and a doped infrared (IR) absorbing layer which serves as the active layer of the device. The
two layers are sandwiched between degenerately doped contacts. The active layer is doped near the metal insulator transition
such that an impurity band isformed. This both lowers the minimum detectabl e photon energy and increases the linear
optical absorption coefficient [8,9]. A BIB device can therefore achieve extended long wavelength response with avolume
of active material ~ 100 times smaller than a traditional photoconductor. Thisisimportant since asmaller deviceisless
susceptible to interference from cosmic radiation. Impurity banding in the active layer necessitates a pure blocking layer to
prevent unacceptably large dark current. The operating principle of an n-type BIB detector isillustrated in Figurelb. The
active layer contains a high concentration of n-type dopant (~ 10*° cm®for Ge) and aresidual compensating p-type dopant (~
102 cmi® for Ge). Under reverse bias, electrons move in the impurity band toward the positive contact and are stopped by the
blocking layer. lonized donor states are filled in leaving behind aregion of negative space charge created by ionized acceptor
states. Thisregionisthe depletion layer of width w, and it depends on applied bias (Vy), acceptor concentration (N), and

blocking layer thickness (b) as determined by Petroff and Stapelbroek:
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where eg isthe dielectric constant, e isthe electron charge, and Vy,; isthe built-in potential whichis small and can be
neglected. The depletion layer isthe active region of the device. A large depletion width requires Ny and b to be small.

A numerical finite difference model has been developed to calculate realistic field profilesin BIB devices with a
wide range of material properties [10]. Space charge effects and spatial doping variations are taken into account. Modeling
has focused on p-type Ge:GaBIB structures, but has been extended to Ge:Sb in thiswork. The doping requirements for the
blocking layer can be better understood by modeling. Ge photoconductors typically contain ~ 10+ cm® shallow dopants
without incurring significant dark currents. Modeling has shown that the electric field distribution in the BIB blocking layer
is highly non-uniform at these levels and can affect field penetration in the active layer. The diffusion of dopants at the
blocking/active layer interface is also shown to be important and will be discussed further.

Previous efforts to grow germanium BIB structures by chemical vapor deposition (CVD) of Ge:Ga[11,12] showed
response down to 50 cmt, however results were not reproducible and the detectors suffered from large dark currents due to
unpassivated surfaces. Epilayers of pure Ge were grown on bulk doped substrates which served as the active layer. This
structure contributed to a high series resistance and slowed down the devices considerably. Epitaxial growth of both the pure
and active layers would eliminate this problem. Liquid phase epitaxy was chosen for its potential as a high purity technique
with the ability to grow layers 1-100 mm thick. Preliminary results were encouraging showing some extended wavel ength
response [13]. LPE growth takes place as the growth materials precipitate out of alow melting point solution. Most
impurities preferentially segregate to the liquid phase rather than the solid epilayer, and segregation coefficients of 102-10°
are common (e.g. As, Sb, Bi for Ge grown from Pb solution). Lead was chosen as a solvent because it is isoelectronic with
Ge, has alow melting point, and has alow solubility in Ge. The purity of commercially available Pb was found to be a
problem, with n-type impurities ~ 10'° cm®, identified by photothermal ionization spectroscopy to be phosphorus. The
current work focuses on Sb dopant distribution in BIB devices fabricated by growth of heavily doped epilayers on pure

substrates.

2. EXPERIMENTAL PROCEDURES

A. Liquid Phase Epitaxy
Epitaxial layers of Sh-doped Ge were grown from a Pb solvent by Liquid Phase Epitaxy in atipping boat system.

Pure Ge substrates (n=2x102 cm®) oriented to within 0.01° of the <111> were chosen as blocking layer material. Ge



substrates 8x8x0.5 mm® were held by a graphite clip in a graphite crucible |oaded into a single zone quartz tube furnace. L PE
growth was carried out in 1 1/3 atm palladium diffusion purified H,. The Sb dopant concentration was controlled by addition
of aPb-Sb alloy to ~ 10g of 6N pure Pb solvent. Typical Sb-doped layers contained ~ 10'® cm® Sh. The solvent was
saturated with ultra-pure Ge at 655 °C and equilibrated for 5.5 hours. The system was tipped at an undercooling of 3°C to
begin growth. Layer growth occurred as the furnace temperature was ramped down to 340 °C over 12 hours. A typical

epilayer thicknessis 40 mm.

B. Blocked Impurity Band detector fabrication

Because of the difficulty in obtaining pure Ph, an Sb-doped active layer was grown on a pure substrate which was
then thinned down to form the blocking layer. A schematic of a BIB device structureis shown in Figure 2. In order to
achieve athicker final device (for mechanical stability purposes), adouble layer was grown. Thetop 10 nm were polished
off of the first layer before growing a second layer, and the surface of the second layer was polished as well for reasons
described in the following section. After polishing the epilayer, the surface was implanted with phosphorus ions (2 x 10"
cm? at 40 kV and 4 x 10" cm? at 100 kV) at 77K. The sample was diced into rectangular pieces of 3 mm x 2.5 mm for easier
handling when thinned. The substrate was then lapped and polished to leave a 10 nm thick blocking layer. The pure side was
masked around the edges with picene wax and phosphorus ions were implanted (2 x 10** cm? at 33 kV) into this masked
surface. Implanted samples were annealed at 450 °C for 2 hoursin flowing Ar gas before metallization. After annealing,
200A Pd/4000 A Au were sputter deposited onto both sides of the device. A finger structure was painted on the pure side
with picene wax, and was used as amask for the Pd/Au deposition. The finger structure was used to leave ~1/3 of the

implanted surface area transparent to IR while still applying arelatively uniform electric field to the device.



C. Blocked Impurity Band detector modeling

Steady state spatial electric field distributions in the absence of light have been calculated using a numerical finite

difference approach as described in reference 10. The relevant parameters are defined below:

Blocking layer thickness 20mm

Blocking layer doping Np = 2x 102 cm® Ny = 1 x 10° cm®
Active layer doping Np = 1x 10" cm®, Nj = 2 x 102 cm®
Bias 30 mv

Temperature 25K

Electron mobility in the blocking layer | 3 x 10° cn/Vs

Bohr radius for Ge:Sb 37x10%cm

Gradientsin Sh concentration (N) across the interface have been considered, and are defined by a grade parameter (g) as

follows:

N = Nl + (Nz B Nl) %)
1+exp[(a- x)/g]

where N; and N, are the layer dopings, aistheinterface position, and x is the position variable.

3. RESULTSAND DISCUSSION

A. Sb distribution in the active layer

The distribution of Sb in doped Ge LPE layers had to be determined accurately due to its potential effect on photon
absorption and electric field profilesin aBIB device. Spreading resistance measurements on angle-lapped Sb doped layers
(Figure 3) revealed a highly doped surface region of afew micronsin thickness. This surface region was formed at the
lowest growth temperaturesin the cooling cycle. At low temperatures Sh cannot diffuse rapidly enough away from the

growth interface increasing the effective segregation coefficient leading to a sharp increase in near-surface Sb concentration.



Therefore, for all Hall effect and detector measurementsin thiswork, 10 nm have been removed from the surface of al
doped layers by chemomechanical polishing (CMP) or chemical etching using a20:1 HNOs:HF mixture. A transition region
between the substrate and epilayer was observed in the spreading resistance measurements. Because of the possibility that
the transition region could be an artifact due to the finite probe diameter in spreading resistance, Secondary lon Mass
Spectroscopy (SIMS) was used to study thistransition region in finer detail. SIMS data given inFigure 4a shows significant
Sb diffusion into the ultra-pure Ge substrate (blocking layer). The concentration drops an order of magnitude over ~1.5 mm.
This observation is supported by diffusivity data[14]. The diffusivity of Sbin Ge at 650°C is 4 x 10* cnf/s. The

temperature ramps down during growth, however an estimate of /Dt at 650°C for 2 hoursis 0.8 nm.

It isinteresting to compare the diffusion behavior of Sbh and Gain Ge. For Gain Ge the diffusivity at 650 °Cis9 x
10" cnf/s. For agrowth cycle starting at 650 °C, Ga would diffuse only 8 nm. Unfortunately, the presence of n-type
dopantsin the Pb solvent prevents the fabrication of p-type devices at thistime. A study of devices grown at low temperature
would beinteresting aswell. An Sbh-doped layer grown at 550 °C shows a sharp interface with no observable diffusion as
seen in Figure 4b. However, layers grown at low temperatures are generally only ~ 10 nm thick, including the region of high
Sh concentration at the surface. Although enough Geis present in the melt to obtain thicker films, many nucleation sites
have been observed in the Pb melt after growth. Nucleation at these secondary sites limits the amount of Ge available for
growth. The origin of the secondary nucleation sitesisstill under investigation. Alternate methods for obtaining thicker
films at low temperatures are currently under consideration.

SIM S data have also indicated oxygen and carbon at the original growth interface, the effects of which on adevice
are not known. A study is currently underway to eliminate such alayer by meltback of the surface before growth.

The observed diffusion profile is expected to have several effects on BIB performance. Figure 5 shows the results
of simulations of the Efield distribution across a BIB detector with 30 mV applied bias. Figure 5a shows the E-field
distribution for a sharp interface (g=8x10" cm). The Sb profile in our LPE layers correspondsto the grade parameter
g=6x10° cm shown in Figure 5b. The high field at the interface is expected to enhance device breakdown at smaller applied
bias. The depletion width of the device would consist partly of material doped to some intermediate val ue between the
blocking layer and the active layer. This material would have a narrower impurity band giving rise to areduced long

wavelength response in the transition region. In addition, the extreme diffusion of Sb into the blocking layer would reduce its



blocking effectiveness. It should be noted that the simulations represent a20 nm thick blocking layer whereas our devices

have a 10 nm thick blocking layer. The profiles are therefore similar to those of a15 mV bias across a 10 nm blocking layer.

B. Blocked Impurity Band detector characterization

An Sb doped germanium layer ~ 1 x 10" cm® grown at 650°C was used to fabricate a BIB detector as described
above. The current — voltage behavior of this detector at 2 K isshown inFigure 6. Under positive bias (reverse biasfor an n-
type BIB) the deviceis blocking. It beginsto break down at ~40 mV. Under negative bias the device behaves like aforward
biased diode. Under positive bias below 40 mV the leakage current is below 10™* A, the detectability limit of our electronics.
The spectral response of this Ge:Sb BIB at 2K is shown in Figure 6 for three different applied bias values. Fabry-Perot
oscillations are present at regularly spaced intervals ~ 40 cm® apart (e.g. maxima occur at ~ 80 cmi* and ~ 120 cnit) which
corresponds to 30 mm of germanium. The sampleis closeto thisthickness so it isthought that the intensity oscillations are
likely to originate inside the sample. The Fabry-Perot oscillation pattern is more clearly distinguishable when the spectrum is
extended to high frequency. For Sb-doped Ge the peak responseis ~ 100 cmit which falls on a Fabry-Perot minimum in this
sample. For reference, the strongest photothermal peak for Sb in Ge occurs near 69.5 cni* at T= 2K. The peak observed in
this region of the spectrum is the corresponding broadened photothermal peak. Long wavelength response is observed
compared to a standard Ge: Sh photoconductor. It can be seen that the onset of photoconductivity extends to lower
wavenumbers (longer wavelength) as the biasisincreased. This may be the effect of the Efield on the excited states, or it
could be understood by considering the depletion in the active layer of the BIB. Sincethereisatransition region between the
pure substrate and the Sb-doped layer due to Sb diffusion during growth, the material being depleted at low applied bias will
contain less Sh than the material depleted at high applied bias. A critical consequence of the Sb gradient isthat the device
breaks down at alower bias than expected due to the high field at the interface.

The minority dopant concentration in the active layer, which determines the BIB depletion width, was determined to
be ~ 2x10™ cm™ by variable temperature Hall effect measurements. Unintentionally doped |ayers were used since heavily
doped layers undergo hopping conduction at low temperatures. Direct determination of N on a detector structure can be
accomplished by capacitance vs. voltage measurements using a two-phase lock-in amplifier. Combining equation 1 along

with the capacitance (C) of aBIB under positive bias:



c =S4
w+b

(3)
the acceptor concentration (Na) can be determined from the slope of 1/C? vs. V. Preliminary C-V results agree with variable
temperature Hall effect measurements on unintentionally doped L PE layers. However, interpretation of the C-V datais not
straightforward due to the effect of the transition region on the electric field profile. With a 10 nm blocking layer the
depletion width of the deviceis~ 1.5mm at 40 mV bias using equation 1. It should be noted that the depletion width
calculated here does not take into account the Sb diffusion profile. Ascan be seeninFigure 5, the presence of the gradient

increases the size of the depletion width beyond what is expected for a sharp interface.

4. CONCLUSIONS

Extended |ong wavelength response which increases with bias has been observed in Ge:Sb BIB detectors. A
significant Sb concentration gradient in the transition region between the blocking layer and active layer was observed using
SIMS. BIB modeling indicates that the Sb gradient would increase the electric field in the transition region and reduce the
field in the blocking layer. In addition, the depletion region would be larger than that cal culated with a sharp Sh gradient.
The depleted material would consist partly of the transition region between the active and blocking layer. This material
would be doped lower than the bulk layer and may contribute to the reduced long wavelength response. The elimination of
the transition region would be expected to improve the blocking ability of the device significantly, and should allow the
deviceto withstand higher bias. With the development of Sh-doped layers grown at lower temperatures, we are hopeful that

Ge BIB detectors will obtain the expected significant long wavelength response.
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Figure Captions

Figure 1. (@) Schematic of an n-type Blocked Impurity Band detector and (b) band diagram shown for a device with an
electric field applied. Heavily doped contacts are labeled n**. D" = ionized donor, D° = neutral donor, A™ = ionized

acceptor, w = depletion width.

Figure 2. Schematic of BIB device structure (not to scale). A thin layer of phosphorus implanted Ge which is IR transparent

isindicated in light gray on the top surface.

Figure 3. Free electron concentration vs. depth for an Sb doped Ge L PE layer grown at 655 °C as determined by spreading
resistance measurements. TR indicates the transition region. Bulk calibration standards of known concentration were used
to convert the spreading resistance to resistivity. An average constant mobility determined from three standards
(concentrations 8.6 x 10*°, 2.0 x 10, and 5.3 x 10" cm®) was used for converting resistivity to electron concentration. The
concentration of the substrate appears higher than its actual value because the spreading resistance vs. resistivity nolonger

follows the curvefit in thisregion. The actual concentration in the substrate is below intrinsic.

Figure 4. Concentration vs. depth obtained by SIMS analysis with a Csion beam for (a) Sb, O, and C in a Ge LPE layer
grown at a starting temperature of 650 °C on a pure Ge substrate. Oxygen and carbon are observed at the layer-substrate
interface. The profile after ~5 mm s limited by the instrument resolution (~ 10*® cm®). (b) Sbin a Ge layer grown at 550
°C. The measurement in the substrateis limited by the instrument resolution. LPE layers have been polished prior to SIMS

in order to probe only the region near the substrate. SIMS sputter rate = 58 A/sec

Figure5. Model of electric field distributions for 30 mV applied bias and Sb concentration gradients across the blocking
layer/active layer for (a) a sharp gradient, g= 8x10’ cm and (b) agradient similar to that observed in epilayers grown at

650 °C, g=6x10° cm . The interfaceis at 35 mm.



Figure 6. (a) Dark current — voltage characteristics of a Ge:Sb BIB detector at 2 K. At O bias the dark current is below the
detection limit for the electronics.(b) Spectral response of the BIB detector at 2 K with increasing applied bias. Theinset

shows an enlargement of the long wavelength onset in photoconductive response and its extension with applied bias.
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